Anisotropic magneto-Coulomb effect versus spin accumulation in a ferromagnetic 

single-electron device 
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We investigate the magneto-transport characteristics of nanospintronics single-electron devices. 
The devices consist of single non-magnetic nano-objects (nanometer size nanoparticles of Al or 
Cu) connected to Co ferromagnetic leads. The comparison with simulations allows us attribute 
the observed magnetoresistance to either spin accumulation or anisotropic magneto-Coulomb effect 
(AMC), two effects with very different origins. The fact that the two effects are observed in similar 
samples demonstrates that a careful analysis of Coulomb blockade and magnetoresistance behaviors 
is necessary in order to discriminate them in magnetic single-electron devices. As a tool for further 
studies, we propose a simple way to determine if spin transport or AMC effect dominates from the 
Coulomb blockade I-V curves of the spintronics device. 



One current direction of spintronics consists in study- 
ing spin dependent transport in a single nano-object con- 
nected to ferromagnetic leads, i.e. nanospintronics [ljj. In 
this type of system the ultra small capacitance between 
the electrodes and the central island gives rise to the 
Coulomb blockade effect, which allows a precise control 
of the electron transport through the nano-object. The 
interplay between this single electron transport and spin 
dependent transport has been the subject of many the- 
oretical studies in the past ten years [2|. On the experi- 
mental side the number of studies has been strongly lim- 
ited by the numerous difficulties encountered when trying 
to connect a single nano-object to ferromagnetic leads [l[ . 
In line with the theoretical expectations, in the few suc- 
cessful works, the observation of Coulomb blockade to- 
gether with a magnetoresistance signal has been system- 
atically attributed to spin dependent transport leaving 
aside the effect of the electrodes However, some 

recent experiments have pointed out that in Coulomb 
blockade systems a very similar MR signal could be in- 
duced b y a n anisotropic magneto-Coulomb (AMC) ef- 
fect Ill4l5|. It was demonstrated that the magnetic 



anisotropy of the electrode can induce a variation of its 
electrochemical potential during magnetization rotation 
. Importantly, one can see that almost similar MR 
curves can lead to very different analysis depending on 
the chosen interpretation : spin accumulation or AMC. 
Therefore, while easily confused, both effects should not 
be mistaken. 

The aim of this letter is to shed some light on this issue 
by reporting and comparing both effects obtained in sim- 
ilar samples. In order to do so, devices containing single 
non-magnetic nanoparticles connected to ferromagnetic 
electrodes have been measured. In previous works, we 
reported separately on the observation of spin accumu- 
lation 0, 0] and AMC effect [H] in this type of devices. 
In this paper, two samples showing representative fea- 
tures of each effects arc presented and compared. The 
principal differences between AMC and spin accumula- 
tion effects are highlighted and their occurrence in the 



0.24- 
0.12- "° 



o o o < 
— ► Co 



-0.12- 



-0.24- 




o 00- nano P ar ticle 



-100 



V(mV) 



100 



FIG. 1. (a) Schematic representation of the ferromagnetic 
single electron device (b) I-V measured at 1.5 K on sample 
SI (circles) containing Cu nanoparticles and single nanopar- 
ticle Coulomb blockade simulation (line) with Ci=1.86 aF, 
C 2 =2.46 aF, Ri=100 Mfi, R 2 =150 Mil and Q =0.28 e. (c) 
dl/dV of the curves in (b) 



devices is discussed. 
These samples consist respectively of a single Cu (sam- 
ple SI) or Al (sample S2) nanoparticle. The elabora- 
tion process is based on a nanoindentation technique 
which is used to fabricate a sub-lOnm nanocontact on 
top of a nanoparticle assembly (see Fig. [Ha)). This pro- 
cess allows the connection of a single nanoparticle of few 
nanometers in diameter |16j |. The structure, grown by 
sputtering, starts with 15 nm of Co covered with 0.6 nm 
of Al further oxidized in 50 Torr of O2 to form a tunnel 
barrier. The nanoparticle assemblies are then obtained 
by the deposition of 1.5 nm of Cu (SI) or 2 nm of Al 
(S2). The second alumina barrier is made by depositing 
0.6 nm of Al further oxidized in 50 Torr of O2 for SI 
and oxidation of the outer shell of the Al nanoparticles 
in 1.10~ 2 Torr of O2 for S2. After the nanoindentation 
process, the nano-hole is filled with 10 nm of Co and 
190 nm of Au to form the top electrode and finalize the 
nanocontact. A schematic representation of the device is 
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FIG. 2. (a) Resistance versus magnetic field of sample SI 
measured at V=20 mV (b) I-Vs measured at 1.5 K on sample 
SI and recorded at magnetic fields corresponding to high re- 
sistance 1h (line, 380 Oe) and low resistance 1l (dash, -60 Oe) 
states, (c) Comparison of the experimental curves indicated 
as "data" and simulations. For the simulations the resistance 
and capacitances parameters are those given in Fig. [T] Simul. 
A : spin accumulation with 5=lme V, P=0.35, r s /=20ns. 
Simul. B : AMC with Qo=0.28 e, Q o '=0.298 e. (d) Magne- 
toresistance MR=(I_sr-Ii)/Ii versus voltage calculated from 
experimental (circles) and simulated (line) I-Vs 



shown in Fig. [lja). 

Transport measurements were carried out in a cryo- 
stat at 1.5 K. A first current- voltage I-V characteristic 
measured on sample SI is shown in Fig. QJb). This 
curve presents typical features of Coulomb blockade : 
suppression of the current at low voltage and steps in 
the current at higher voltage (visible as peaks in the 
dl/dV in Fig.QTc)). We also performed simulations (see 
Fig. [T] (b,c)) to extract the system parameters following 
the method described in ref [lj|. The good agreement 
between simulations (black line) and experimental data 




Parallel 
magnetizations 

e, 



Antiparallel 
magnetizations 



Parallel 
magnetizations 

e 2 



FIG. 3. Schematic representation of the two Co electrodes 
magnetization (bottom) and corresponding nanoparticle den- 
sity of states (top) in the case of (a) parallel magnetizations 
(b) Antiparallel magnetizations inducing a spin accumulation 
on the nanoparticle (c) AMC effect induced by a rotation of 
the magnetizations 



(circles) shows that transport occurs through a single iso- 
lated nanoparticle. We now focus on the magnetic prop- 
erties of the system. In Fig. [2ja) we present resistance 
as a function of magnetic field measured at a voltage 
of 20 mV. At low field, an hysteretic magnetoresistance 
(MR) signal with a maximum amplitude of 20% is ob- 
served. In Fig. [2jb) we show two I-V curves recorded at 
two different magnetic fields corresponding to the high 
resistance (line, Hi = 380 Oe) and low resistance (dash, 
H 2 = — 60 Oe) states of the MR curve. 
We first discuss the origin of this observed MR 
based on a spin dependent transport model. Our 
system is equivalent to a double tunnel junction 
C0/AI2O3/CU/AI2O3/C0 in which each junction pos- 
sesses one ferromagnetic (Co) and one nonmagnetic (Cu) 
electrode. If we consider the classical Julliere's model 
13 where the TMR=2PiP 2 /(l-PiP 2 ) is proportional 
to the electrodes spin polarizations, we do not expect 
any tunneling magnetoresistance (TMR) in our system 
as Pc w =0. However the spin polarized current which is 
injected from the first electrode can conserve its spin po- 
larization while passing through the nanoparticle if the 
spin flip rate on the nanoparticle is smaller than the 
electron injection rate T s f = l/r s / < Ti n j = I/e. In 



that case an accumulation of one spin direction and a 
depletion of the other will build up for antiparallel mag- 
netizations, giving rise to a splitting Afi=/if — fi^ be- 
tween spin up and spin down electrochemical potentials 
on the nanoparticle (see Fig. EJb)). On the contrary no 
spin accumulation is expected for parallel magnetizations 
and the nanoparticle electrochemicals potentials remain 
unchanged (Fig. EJa)). In the antiparallel case the non 
equilibrium spin accumulation is proportional to the spin 
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lifetime on the nanoparticle r s /, the electrodes spin po- 
larization P , the current / and the nanoparticle energy 
level spacing 5 : A/i=T s fPl5 /e. This spin accumulation 
induces a finite TMR effect which culminates to P 2 /(l- 
P 2 ) if we consider a symmetric junction and a infinite 
spin lifetime on the nanoparticle (ll) . To check whether 
our results could be interpreted by this effect we have 
included a spin accumulation term Afi in our Coulomb 
blockade simulations following the work from Brataas et 
al. [1S|] . The result is indicated as Simul.A in Fig. [2fc) 
where we have represented the TV curves for parallel 
(continuous line) and antiparallel (dashed line) magneti- 
zations. We emphasize that the difference between the 
two simulated TV curves is minimum at low current and 
maximum a high current. This behavior is expected from 
the spin accumulation model as A/i is proportional to the 
current. In addition the sign of the MR is positive. Those 
two characteristics are in opposition to what is observed 
experimentally. This can be seen by comparing the sim- 
ulated curves with the experimental ones indicated as 
data in Fig. Etc). On the experimental data the MR is 
negative and the difference between the two TV curves 
is maximum at low current and decreases with the cur- 
rent. Those differences suggest that the MR might have 
another origin than spin accumulation in this sample. 
We now discuss an explanation of the MR in terms of 
AMC effect. On the experimental I-V curves in Fig.[3Jc) 
one can see that the low resistance state curve presents a 
reduced Coulomb gap as compared to the high resistance 
state. Such shift of the threshold voltage is characteristic 
of the AMC effect induced by the anisotropy of the Co 
electrode, as demonstrated in a previous work jl3j |. In the 
Co electrode the spin-orbit coupling links the electronic 
structure and the magnetization. Due to this coupling 
the magnetic anisotropy gives rise to an anisotropy of 
the electrochemical potential of the magnetic electrode 
fip. As a consequence /if depends on the magnetization 
direction (9). The two TVs of Fig.QJb) measured at Hi 
and H2 correspond to two different magnetization angles 
6*i and 62- This is due to the rotation of the magneti- 
zation during its reversal. The electrochemical potential 
variation A/zp = ^f{0i)-^f{02) of the electrode induces a 
variation of the nanoparticle 's electrochemical potential 
Afi NP [133 as represented in Fig. |3fc). This AMC effect 
can be simulated by introducing a variation A/in p in our 
Coulomb blockade model. The result of this simulation is 
indicated as Simul.B in Fig. [21(c). The experimental and 
simulated MR versus V are also compared in Fig. HJd). 
The best agreement between simulated and experimental 
TV curves is obtained for Afi]yp=eAQ /Ct o t=0-7 meV. 
The AMC simulation reproduces very well the observed 
effect in contrast to the spin accumulation model. This 
indicates that the spin accumulation effect is negligible 
in this sample and that the MR is dominated by the 
AMC effect. As discussed in our previous work, [13| the 
observed energy variation in the meV range is large com- 
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FIG. 4. (a) Resistance versus magnetic field of sample S2 con- 
taining a Al nanoparicle, taken at V=50 mV (b) I-Vs mea- 
sured at 1.5 K on sample S2 and taken at magnetic fields 
corresponding to low resistance (parallel) (line, 1000 Oe) and 
high resistance (anti-parallel) (dash, -150 Oe) states, (c) Com- 
parison of the experimental curves indicated as "data" and 
simulations. Simulation parameters : Ci=4.7 aF, C2 = 1.8 aF, 
Ri=20 Mft, R 2 =60 Mft, Q =0.27 e, Simul. A : spin accu- 
mulation with 5=lme V, P=0.35 and t s /=5 ns, Simul. B : 
AMC with Q =0.27 e, Q '=0.3 e 



pared to what is expected for bulk Co. This is due to the 
very local character of our measurement which probes 
the anisotropy at a single grain scale (few nm) where the 
anisotropy is enhanced by the reduced local symmetries 
at the grain surface. 

We now focus on a second sample S2 where the op- 
posite behavior has been observed. It contains an alu- 
minum nanoparticle connected to Co leads. A resistance 
versus magnetic field measurement taken at a voltage of 
50 mV and two I-V curves corresponding to the high 
and low resistance states of the MR curve are showed 
in Fig. @|a) and (b). Those results present similarities 
to what is expected in the case of spin accumulation ef- 
fect : the TMR is positive and the effect is increasing 
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with current. To confirm this we compare on Fig. |4}c) 
the experimental I-Vs with Coulomb blockade simula- 
tions including spin accumulation. For this sample, the 
observed effect is well reproduced by taking into account 
only the spin accumulation effect (Simul.A on Fig. EJc)). 
In contrast, no threshold voltage shift is observed indi- 
cating that the AMC effect is negligible in this particular 
sample. A simulation corresponding to the AMC effect, 
showing the expected threshold voltage shift, is presented 
in Fig. Etc) (Simul. B) for comparison. The amplitude 
of the observed spin lifetime r s f can be estimated from a 
comparison between the experiment and the spin accu- 
mulation simulation to be 5 ns which is 50 times larger 
than the t s j measured in polycrystalline thin Al films 
[l9j ]. Other experiments have reported such a spin life- 
time enhancement in metallic nanoparticles 0, H[ • 
In the following, we discuss on the occurrence of the 
AMC and spin accumulation effects in our devices. The 
AMC effect manifest itself as an electrochemical poten- 
tial shift Afip on the electrodes. The impact of this shift 
(A[If) on the Coulomb blockade I-V characteristic de- 
pends on its ratio to the charging energy of the nano- 
object (Ec = e 2 /2Ctot)- This means that considering 
a ferromagnetic electrode such as Co, the AMC effect 
could be observed in nano-objects with a charging en- 
ergy in the tens of meV range and below (such as Carbon 
nanotubes for example). Then, the difference between 
sample SI and S2, for which the electrodes are identi- 
cal, can be understood by the very local character of the 
measurement. The magnetoresistance is probed via the 
few nanometers nanoparticle, at a single grain scale on 
the polycrystalline Co electrode. If the local grain pos- 
sesses an easy axis different from the applied magnetic 
field direction, the coherent rotation of the magnetiza- 
tion will give rise to AMC magnetoresistance. If on the 
contrary, the particular local grain possesses an easy axis 
aligned with the magnetic field, or a weaker anisotropy, 
no AMC magnetoresistance will be observed. Concern- 
ing spin accumulation, its amplitude is mainly governed 
by two parameters : the current intensity (linked to the 
device resistances) and the spin lifetime on the nanopar- 
ticle. This can be roughly summarized by saying that 
for a spin accumulation to build up on the nano-object, 
the spin injection/extraction rate T{ n j = I/e must be 
higher than the spin flip rate T s t — l/r s f as discussed 
earlier. For the samples presented in this letter, we see 
that this criteria is more likely to be satisfied for sample 
S2 than for sample SI. Indeed, the current of sample S2 
is 1 order of magnitude larger than that of SI and the 
spin lifetime is expected to be larger in S2 due to the 
weaker spin-orbit coupling in Al compared to Cu. While 
in this particular case spin accumulation is observed for 
Al and not Cu nanoparticles, it should also in principle 
be observable for Cu if the injected current is sufficiently 
strong. 

In summary, we investigated magneto-transport in fer- 



romagnetic single-electron devices. The comparison of 
the observed behaviors with simulations allowed us to 
demonstrate that either spin accumulation or AMC ef- 
fects can be observed in similar samples. The signature 
of the spin accumulation A/i at low voltage is its linear 
increase with the current while the AMC electrochemical 
potential shift A/i is constant with increasing current, 
leading to a fast decrease of the MR with voltage and a 
characteristic threshold voltage shift. While it is difficult 
to predict with certitude if AMC or spin accumulation 
will be dominating in a Coulomb blockade spintronics 
device, we showed that a careful analysis of Coulomb 
blockade and magnetoresistance behaviors allows to dis- 
criminate between the two effects. This should help the 
understanding and development of future nanospintron- 
ics devices. 
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